the synthesis of single CNTs and CNT bundles is becoming mature by chemical vapor deposition (CVD) method. While the CNT networks can be produced by laser ablation 37, 38 and arc discharge 39, 40 techniques, or obtained by post-growth processing of CVD-deposited aligned CNT films 41, 42 . However, the CNT network produced by either of the above methods is commonly a sparse material, in which the CNTs just physically contact with each other and van der Waals force is the only interaction between them 10 . The weak interaction prevents the CNTs talking to each other therefore leading to low resistance against sliding 10 , and producing huge electrical and thermal contact resistance among CNTs 43 . This will not only restrict the application spectrum of CNTs but also greatly lower the performance of the CNT-based components. Therefore, a few methods are developed to build up covalent inter-tube bonding in the network. The first route is introducing inter-tube connections by post-growth processing. Since carbon atoms in CNTs can be activated by irradiation 44 , electron 10, 45 or ion 46,47 beams were applied to first amorphize two adjacent CNT surfaces and then re-construct the carbon atoms to generate covalent bonding between these two CNTs. However, the high irradiation applied in this process resulted in degradation of the structure around the contact region 48 , which consequently lowers the performance of CNTs. Furthermore, this method is favorable for making devices/structures at a small scale, and it is very unlikely scalable for volume production. The second route is growing the CNT network in a special way, following a pre-defined template or introducing additives into the growth/annealing process. The aluminium-templated growth method developed by Li J et al. 49 successfully produced Y-junctions in CNTs, in which a large-diameter CNT can be branched into two smaller ones. However, limited by the shape of the template, there is no connection between those large-diameter CNTs so the inter-connection is not propagated throughout the material. Additives such as sulfur 50, 51 and boron 52 were also introduced into the 4 CNT growth or annealing process, and covalent bonding between CNTs was created. However, these additives can bring impurities and defects 52 into the CNTs which are detrimental to the performance. Branched CNTs were also produced by adjusting the growth conditions such as gas flow 53 and magnetic field 54 in the CVD process, where catalyst particles were re-assembled therefore CNTs were grown in a branched manner. Similar to Li's work 49 , these branched CNTs can be excellent candidate for multi-terminal electronic devices, but they could not extend the outstanding properties of CNTs into three dimensions in a network. Inter-connected CNT structures were also found in a normal typical arc discharge or CVD process occasionally 55, 56 , but the mechanism of formation remains unidentified.
In this paper, we report a new strategy to grow covalently bonded CNTs which is scalable for mass production. These CNTs are grown on a cross-linked three-dimensional nickel (Ni)
template by CVD method. Different from the traditional particle-catalyzed CVD method 57 for CNT growth, we grow graphene layers on a continuous cylindrical Ni surface 58 to form tubular structures, i.e. CNTs. After the Ni template core is etched away, the inter-connected CNT networks are obtained. A schematic of the CNT network is shown in Fig. 1 , in which covalent inter-tube bondings are created. Figure 1 Schematic of a covalently bonded CNT network.
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The synthesis process of the covalently bonded CNT network is illustrated in Fig. 2 Fig. 2b . In addition, electrospinning is a facilely scalable and well controllable technique. Therefore it is easy to deposit such nanofiber networks to large thickness to obtain three dimensional structures. The nanofiber network was then peeled off from the aluminum foil and annealed in oxygen (O 2 ) at 400 ˚C for 2 hours, thereby removing PVB from the fibers and decomposing Ni(NO 3 ) 2 to NiO x , as displayed in Fig. 2c . Afterwards, the NiO x fiber network was moved into a commercial graphene/CNT growth system (Black Magic II, Aixtron) and heated up to 400 ˚C in hydrogen (H 2 ) environment. The reduction process lasted for 2 hours, whereby a pure Ni fiber network was obtained (shown in Fig. 2d ). After elevating the temperature up to 750 ˚C and annealing the Ni fibers for 5 minutes, argon (Ar) diluted acetylene (C 2 H 2 ) was introduced into the system to start the graphene growth on the cylindrical surfaces of the inter-connected Ni fibers, as shown in Fig. 2e . Since in this case the growth of graphene has to follow the morphology of the Ni template, the inter-connected graphene-tube, i.e. CNT, structure was formed. In order to harvest the inter-connected CNTs, the graphene shells covered Ni fiber network was immersed into an iron chloride ( The electrospun Ni(NO 3 ) 2 contained PVB nanofiber network is shown in Fig. S1 , from which it can be seen that the nanofibers are inter-connected with each other throughout the network structure. A locally enlarged typical inter-connection joint is shown in Fig. 3a . Making the nanofiber network thicker with longer time for electrospinning deposition, this inter-connected structure can easily be extended into three dimensions. Fig. 3b and Fig. S2 shows the pure Ni 7 fibers which are reduced from NiO x . It can be clearly observed that the inter-connected three dimensional structure is retained after the thermal decomposition process in O 2 (Fig. 2c ) and the reduction process in H 2 (Fig. 2d) . The reduced Ni fibers were characterized by X-ray diffraction (XRD), the diffraction pattern is displayed in Fig. 3c . The peaks in the XRD pattern show a high purity of Ni but also the existence of NiO in the sample. This small amount of NiO originates from the oxidation of Ni fibers exposed to air during the XRD characterization. Energydispersive X-ray spectroscopy (EDX) pattern in Fig. S3 further confirms the metallic Ni fibers.
Once pure Ni fibers were acquired, they were annealed at 750 ˚C for 5 minutes. C 2 H 2 was then introduced to start the graphene growth on the Ni surface. Fig. 3d shows the Ni fibers after graphene growth. Transmission electron microscopy (TEM) image ( Cu(NO 3 ) 2 was also dissolved in ethanol solution together with PVB and electrospun into nanofiber networks. Using the same fabrication process as described above for Ni(NO 3 ) 2 contained PVB fibers, pure Cu nanofiber networks were produced. C 2 H 2 was also utilized as carbon precursor to grow graphene on the inter-connected Cu template. However, most of the Cu fibers melted into discrete islands during the growth even at a comparably low temperature of about 700 ˚C (see Fig. S7 ). Similar phenomenon on Cu nano wires was also observed at higher temperature in an earlier report 58 .
In summary, we have demonstrated a new method to grow covalently bonded CNT networks. Mechanical tests on suspended CNTs. First, the Ni(NO 3 ) 2 contained PVB fibers were deposited on trenched silicon chips. Therefore, a suspended inter-connected fiber network was obtained on the chips, as shown in Fig. S5 . The trenches on the chips were fabricated by standard photolithography and deep reactive ion etching (DRIE) processes. The following processes including thermal decomposition, reduction, graphene growth and template etching were kept the same as described above. Finally, the inter-connected CNT network was suspended on the trenches. A Ntegra Aura AFM with a NSG-10 cantilever was used for the mechanical test. The spring constant of the cantilever was measured to ensure precise bending tests on the CNTs.
More details about the calibration of the cantilever are available in the supplementary information. During the bending tests, both the cantilever and the CNT were deflected. The force exerted by the tip was obtained from the deflection of the cantilever. The deflection of the CNT was calculated by subtracting the deflection of the cantilever from the total displacement of the piezo in the AFM. The deflection of CNT was plotted against the exerted force from the tip, as shown in Fig. 4d .
